How do humans learn to adapt their motor actions to achieve task success? Recent behavioral 26 and patient studies have challenged the classic notion that motor learning arises solely from the 27 errors produced during a task, suggesting instead that explicit cognitive strategies can act in 28 concert with the implicit, error-based, motor learning component. Here, we show that the earliest 29 wave of directionally-tuned neuromuscular activity that occurs within ~100 ms of peripheral 30 visual stimulus onset is selectively influenced by the implicit component of motor learning. In 31 contrast, the voluntary neuromuscular activity associated with reach initiation, which evolves 32 ~100 to 200 ms later is influenced by both the implicit and explicit components of motor 33 learning. The selective influence of the implicit, but not explicit, component of motor learning on 34 the earliest cascade of neuromuscular activity supports the notion that these components of 35 motor learning can differentially influence descending motor pathways. 36
INTRODUCTION

37
Motor learning occurs throughout the human lifespan, from children learning to walk to the aged 38 adjusting to a new set of reading glasses. Motor learning involves establishing and constantly 39 recalibrating the mapping of a desired goal onto the required motor commands [1] . A 40 predominate theory of motor learning posits that learning arises from an implicit error-based 41 process, in which the brain learns by computing an error between actual and predicted sensory 42 consequences of the generated motor command [2, 3] . Recent behavioral work using a 43 visuomotor rotation task [4] which systematically rotates the visual cursor denoting hand 44 position around the center of the workspace, has suggested that a second explicit process also 45 contributes to motor learning [5] [6] [7] . The explicit process is driven by awareness of task errors, 46 which participants exploit to achieve task success. Research with individuals who have brain 47 lesions shows that the implicit and explicit components of motor learning have distinctive neural 48 substrates, relying on the integrity of cerebellar [8, 9] and frontal circuits [10,11], respectively. 49 However, multiple descending pathways originating from the cortex and brainstem contribute to 50 motor control in healthy individuals [12] [13] [14] and the comparative influence of the implicit and 51 explicit components of motor learning on these pathways is not known. 52
Our interest here is to compare the effect of motor learning on the first wave of 53 directionally-tuned upper limb muscle activity that occurs time-locked ~100 ms after visual 54 stimulus onset (termed stimulus-locked responses, or SLRs) [15] to the muscle activity that 55 occurs at the time of reach initiation, roughly ~200-300 ms after stimulus onset [16] . Previous 56 work has shown that the largest SLRs occur when stimuli are presented at locations associated 57 with the largest reach-related responses [15, 17] , and SLRs persist even if the reach movement is 58 withheld [18, 19] or proceeds in the opposite direction [20] . These response properties, as well as 59 occluded throughout all experiments; thus, the position of the cursor was the only visual cue of 83 the manipulandum presented to the participants. The visuomotor rotations in Experiments 1 and 84 2 were introduced by rotating the visual feedback of the cursor around the central starting 85 position (Fig. 1d) . In all three experiments, we measured both the x-and y-positions of the 86 manipulandum and the EMG activity from the right pectoralis major (PEC) muscle while 87 participants performed right-handed reach movements to one of eight peripheral stimuli equally 88 spaced 10 cm around the starting position. 89 Figure 1a shows the normalized mean ± SD movement trajectories for both the leftward 90 (180° CCW from straight right) and rightward (0°) stimulus locations from a representative 91 participant, when they had veridical visual feedback of their hand position (i.e., the cursor moved 92 in register with the participant's hand). Figure 1b shows the corresponding normalized mean ± 93 SEM (top) and individual (bottom color panels) PEC EMG activity from leftward and rightward 94 trials. EMG activity was aligned to the onset of the peripheral visual stimulus onset (thick black 95 vertical lines), and individual trials were sorted based on reaction time (RT; squares, fastest to 96 slowest from bottom to top). We observed a reliable SLR, which consisted of a brief increase or 97 decrease in EMG activity ~100 ms after the presentation of leftward or rightward stimulus 98 locations, respectively [15, 18, 20] . We defined the SLR magnitude for each trial as the mean 99 EMG activity during the SLR epoch (85-125 ms after stimulus onset, shaded regions in mean 100 EMG sub-panels in Fig. 1b) . 101
To determine the directional tuning of the EMG activity during both the SLR and the 102 later reach-related response (MOV, -20 to 20 ms around RT) epochs, we derived the preferred 103 direction (PD) of each epoch assuming a sinusoidal fit (Eq. 1). Figure 1c shows the log-104 normalized EMG activity as a function of visual stimulus location (arrows indicate the PDs of 105 each fit). With veridical feedback, a reliable SLR was detected in 29 out of 32 participants (see 106 ROC analysis in METHODS for detection criteria). Consistent with a previous study [15] , we 107 also found a small but reliable difference in PD of EMG activity between the SLR and MOV 108 epochs (mean ± SEM: 172.5° ± 1.6° and 180.0° ± 1.2°, respectively, paired t-test, t 36 = -4.0, P = 109 0.001). Data from participants who did not exhibit an SLR were excluded from all subsequent 110 analyses (see METHODS for exact numbers for each experiment). Having established the 111 tuning of EMG activity during the SLR and MOV epochs with veridical hand position feedback, 112 we next examined how the PDs changed during two different visuomotor rotation tasks (Fig. 1d ) 113 and a mental visuomotor rotation task ( Fig. 1e) . 114
115
Partial adaptation of the SLR during an abrupt 60° CW visuomotor rotation 116
In Experiment 1, we used an abrupt visuomotor rotation task which has been previously shown 117 to engage both implicit and explicit motor learning components [5, 6] . During both the Pre-and 118
Post-Rotation blocks ( Fig. 2a , black and blue shades, respectively), participants (N = 7) 119 performed 60 and 80 cycles (a cycle consists of 8 reaches, 1 reach per direction) of visually-120 guided reaches under veridical visual feedback, respectively. During the Peri-Rotation block (red, 121 80 cycles), we imposed a 60° CW rotation on the visual cursor around the start position. Figure  122 2a also shows the group mean ± SEM reach endpoint (white dot and shade) plotted relative to 123 the stimulus location, while the solid black line indicates perfect task performance. Consistent 124 with previous experiments [22, 23] , our participants rapidly adapted their endpoint reach 125 direction during the beginning of the Peri-Rotation block and exhibited signs of implicit learning 126 as seen by the aftereffect during the beginning of the Post-Rotation block [5] . We excluded the 127 first 20 cycles of both the Peri-and Post-Rotation blocks to ensure that participants' behavioral 128 performance had plateaued. We observed an increase in median RTs during the Peri-Rotation 129 block ( Fig. 5a , group mean ± SEM = 301 ± 17 ms) compared to either blocks with veridical 130 feedback (Pre-and Post-Rotation, 246 ms ± 14 ms and 254 ± 13 ms, paired t-test, t 6 = -7.5 and -131 3.4, P = 0.001 and P = 0.01, respectively). Prolonged RTs during the visuomotor rotation task 132 have been associated with explicit motor learning as participants employ an aiming strategy 133 [24, 25] . Thus, participants' behavior provided evidence for the engagement of both implicit and 134 explicit motor learning components during this task. 135
Figure 2b
shows mean movement trajectories and PEC EMG activity for the outward 136 visual stimulus location (90° CCW) across the three different blocks, for one participant. As seen 137 from the mean movement trajectories, during Peri-Rotation (red) the participant learned that the 138 imposed 60° CW visuomotor rotation required them to generate a left-outward reach movement 139 ~60° CCW to the stimulus location. These left-outward movements during the Peri-Rotation 140 block required more PEC recruitment compared to straight outward movements during both Pre-141 and Post-Rotation blocks. As expected, during the MOV epoch we observed reliable modulation 142 in PEC EMG activity across blocks (1-way ANOVA, main effect, F (2,176) = 486.4, P < 10 -71 ), 143 with greater EMG activity during Peri-compared to both Pre-and Post-Rotation (post-hoc 144 Tukey's HSD, both P < 10 -9 ). 145
We also observed a similar pattern of modulation during the SLR epoch (1-way ANOVA, 146 main effect, F (2,176) = 7.97, P = 0.001), with greater EMG activity during the SLR epoch for Peri-147 compared to both Pre-and Post-Rotation blocks (post-hoc Tukey's HSD, P = 0.006 and P = 148 0.001, respectively). Thus, even though the same visual stimulus location was presented across 149 all three blocks, the magnitude of the SLR changed during motor learning. 150 normalized the results across participants by using each participant's PD during the Pre-Rotation 153 block as a baseline and quantified the shifts in PD (∆PD) for both Peri-and Post-Rotation blocks 154 (top panels in Fig. 2c ). Across participants ( Fig. 2d) , we found that ∆PD for the MOV epoch 155 adapted almost completely during the Peri-Rotation block (∆PD mean ± SEM = 57.7 ± 2.9° CW, 156 one sample t-test, t 6 = 19.61, P < 10 -5 ) to the imposed 60° CW visuomotor rotation (gray dashed 157 line). Note this is expected as we aligned the tuning curves relative to visual stimulus location 158 rather than the reach direction. We also found that ∆PD returned to baseline during the Post-159
Rotation bock (∆PD = 0.7 ± 1.6° CW, one sample t-test, t 6 = 0.46, P = 0.66), and a reliable 160 difference in ∆PD between the Peri-and Post-Rotation blocks (2-way ANOVA -epoch and 161 rotation blocks, interaction effect, F (1,24) = 41.63, P < 10 -6 , post-hoc Tukey's HSD, P < 10 -8 ). To summarize the results from Experiment 1, motor learning induced via an abrupt 60° 172 CW visuomotor rotation systematically altered the tuning of the SLR, despite its short-latency. 173 adaptation of EMG during the SLR interval. The abrupt visuomotor rotation task is thought to 175 engage both implicit and explicit motor learning components. In Experiment 2 we tested whether 176 the shift in SLR tuning is still present when the explicit component of motor learning is 177 minimized or eliminated. 178 179 SLR adaptation occurs despite a lack of explicit awareness of a visuomotor rotation 180
In Experiment 2, participants (N = 14) performed a gradual visuomotor rotation task ( Fig. 3a) . A 181 previous imaging study has suggested that abrupt and gradual visuomotor rotation tasks engage 182 different neural substrates [26] , and behavioral studies have shown that gradual visuomotor 183 rotations produced larger aftereffects [27] and longer-lasting retention [28] compared to abrupt 184 visuomotor rotations. In Experiment 2, we imposed a visuomotor rotation gradually (1° per 185 cycle). Once again, participants initially performed visually-guided reaches to one of eight 186 equidistant visual stimuli with veridical feedback (Fig. 3a , Test Block 1, Pre-Rotation) for 40 187 cycles. Then for the next 20 cycles, the visual feedback of the cursor was rotated either 1° CW or 188 CCW per cycle (solid or dashed lines), counterbalanced between participants. Over the next 40 189 cycles, the visual feedback remained rotated at 20° CW or CCW (Test Block 2). Afterwards, the 190 feedback was rotated 1° per cycle in the opposite direction to the initial imposed rotation for 40 191 cycles. Finally, the feedback remained constantly rotated at 20° CCW or CW (Test Block 3). We 192 found no reliable differences in endpoint reach direction between the three Test Blocks based on 193 the order of imposed rotation (2-way ANOVA, Test Blocks and group, main effect of group, 194 F (2,36) = 0.07, P = 0.93). Thus, we pooled data from all participants together for the subsequent 195 analyses. 196 The size of the imposed visuomotor rotation, 1° per cycle, during Experiment 2 is less 197 than the trial-by-trial variance of the participants' reach endpoint during the Pre-Rotation block 198 (Gaussian fit, mean ± SD, µ = 0.4 ± 0.1, 2 = 5.0 ± 0.2, adjusted r 2 = 0.94 ± 0.01). Consistent 199 with previous studies [29, 30] , participants reported no explicit awareness of changes in the 200 underlying sensorimotor mapping at any point during the experiment. Further, unlike Experiment 201 1, we found no difference in median RTs between veridical feedback ( Fig. 5b , 202 mean ± SD = 232 ± 5 ms) and the two rotation blocks (CW and CCW, 233 ± 5 ms and 236 ± 5 203 ms, paired t-test, t 13 = -0.65 and -1.48, P = 0.52 and P = 0.16, respectively). This lack of RT 204 increase during the gradual visuomotor rotation is also consistent with a minimal influence of 205 explicit aiming during the experiment. 206
Figure 3b shows mean movement trajectories and PEC EMG activity for one participant, 207
for the left-inward stimulus location (225° CCW) across the three Test Blocks: Pre-Rotation, 20° 208 CW, and 20° CCW (black, red, and blue traces, respectively). Like in Experiment 1, we found 209 reliable differences in normalized EMG activity across the three blocks for both the SLR and 210 MOV epochs for this stimulus location (1-way ANOVA, main effect, F (2,109) = 5.74 and 57.6, P 211 = 0.004 and P < 10 -17 , respectively). For example, during the 20° CW rotation block, the 212 participant generated reaches away from the PD of the PEC muscle, hence there was a decrease 213 in mean EMG activity both during the MOV epoch (red trace in Fig. 3b , starting after ~150 ms 214 after stimulus onset post-hoc Tukey's HSD, P < 10 -5 ) and during the SLR epoch (shaded region, 215 post-hoc Tukey's HSD, P = 0.01). Figure 3c shows the tuning curve fits during both the SLR 216 and MOV epochs across the three different blocks for this participant, demonstrating the changes 217 in the PD in both the SLR and MOV epochs for this participant. 218 ∆PD adaptations of 22.2 ± 1.1° CW and 20.4 ± 2.1° CCW during the MOV epoch for the 20° 220 CW and 20° CCW rotation blocks relative to the Pre-Rotation block, respectively ( Fig. 3d, right  221 panel, 2-way ANOVA -Epoch and Rotation, interaction effect, F (1,52) = 77.9, P < 10 -11 , post-hoc 222 Tukey's HSD, P < 10 -8 ). When we performed the same analysis during the SLR epoch ( Fig. 3d,  223 left panel), we found that the SLR ∆PD rotated 10.5 ± 1.7º CW and 2.3 ± 1.6º CCW for the 20º 224 CW and CCW rotation, respectively (post-hoc Tukey's HSD, P < 10 -4 ). As in Experiment 1, we 225 observed a reliable smaller overall change in ∆PD during the SLR versus MOV epoch when 226
collapsing these changes across the 20° CW and 20° CCW rotation blocks (12.8 ± 1.9° and 42.6 227 ± 2.1°, paired t-test, t 13 = 11.0, P < 10 -7 ). 228
Thus, as with an abrupt visuomotor rotation, motor learning induced by a gradual 229 visuomotor rotation systematically altered the tuning of the SLR. Experiment 2 also 230 demonstrated that explicit awareness of changes in the underlying visuomotor mapping is not 231 required for the tuning of the SLR to change. However, the extent of adaptation during the SLR 232 epoch was still reliably less than that observed in the later MOV epoch. This finding is consistent 233 with literature suggesting that a cognitive strategy may still be engaged in the gradual 234 visuomotor rotation task, despite the lack of explicit awareness [30] . 235
236
Changes in the explicit aiming strategy do not alter the PD of the SLR 237
In Experiment 3 participants (N = 13) performed a mental visuomotor rotation task [5, 31] . 238
Unlike in the first two experiments, participants received veridical visual feedback of their hand 239 position throughout the experiment. It has been proposed that this eliminates implicit motor 240 learning, since such learning is thought to occur only when there is a mismatch between the 241 visual location of the virtual cursor and the participant's hand position [5, 9] . Instead, participants 242 were explicitly instructed to reach either directly to the stimulus location (VIS block, Fig. 4a , 243 grey) or 90° CCW relative to the stimulus location (Rotation [ROT] block, red). The order of the 244 blocks was counterbalanced between participants. To assist participants, all eight stimulus 245 locations were presented as open circles throughout the whole experiment, and the peripheral 246 stimulus onset occurred when one of the open circles filled in. Like in Experiment 1, we found 247 an increase in median RTs during the ROT (Fig. 5c , mean ± SEM = 398 ± 15 ms) compared to 248 VIS Block (243 ± 7 ms, paired t-test, t 12 = -17.8, P < 10 -9 ), supporting the idea that participants 249 used an aiming strategy during the ROT block. 250
Figure 4a
shows the endpoint reach direction from a participant who performed the ROT 251 block first. There was no aftereffect during the initial few cycles after the end of the ROT block, 252 which is consistent with the absence of implicit motor learning. Figure 4b shows a participant's 253 mean movement trajectories and PEC EMG activity for leftward and rightward stimulus 254 locations (180° and 0° location, filled and open lines, respectively). Note that regardless of the 255 voluntary movement direction, we observed greater EMG activity after leftward compared to 256 rightward stimulus presentation during the SLR epoch in both the VIS (Fig. 4b, black lines, 2-257 way ANOVA -direction and block, interaction effect, F (1,225) = 12.57, P = 0.0005, post-hoc 258
Tukey's HSD, P < 10 -8 ) and ROT blocks (red lines, post-hoc Tukey's HSD, P < 10 -7 ). Like the 259 previous two experiments, we derived the PD of EMG activity during both the SLR and MOV 260 epochs ( Fig. 4c) . 261 Across our sample, we observed a reliable shift in PD between the VIS and ROT blocks 262 during the MOV epoch ( Fig. 4d , ∆PD = 93.6° ± 1.5° CW, one sample t-test, t 12 = 63.0, P < 10 -15 ). 263
In contrast, the SLR tuning did not reliably differ between the two blocks (∆PD = -2.5° ± 3.8° 264 amplitude of the SLR tuning curve between the VIS and ROT blocks (paired t-test, t 12 = 5.96, P 266 < 10 -4 ), this attenuation was most likely due to the corresponding increase in RT during the ROT 267 block, as SLR magnitude is known to decrease when preceding movements with longer RTs 268 [15, 20] . This decrease in amplitude was also observed during the Peri-Rotation block in 269 Experiment 1, when there was also an increase in median RTs, but a decrease in amplitude was 270 not seen in Experiment 2, when there was no reliable increase in median RTs (see Recent studies have suggested that motor learning can be driven by multiple learning 277 components: an implicit learning component related to the mismatch between the actual and 278 predicted sensory consequences of a generated motor command [5, 9] , and an explicit learning 279 component that involves changes to aiming strategy [6, 7] . What has not been clear from this 280 literature is how such components engage various descending motor pathways. Here, we 281 measured the changes in the directional tuning of EMG activity on the human pectoralis muscle 282 during three variations of the visuomotor rotation task. We found both the implicit and explicit 283 components of motor learning modulated the tuning of voluntary reach-related EMG activity. In 284 contrast, we found that only the implicit motor learning component modulated the tuning of the 285 earliest wave of muscle activity that is time-locked to the onset of a peripheral visual stimulus. 286
287
Our central result is that implicit motor learning altered the directional tuning during the SLR 289 epoch (85-125 ms after stimulus onset), while both implicit and explicit motor learning altered 290 the tuning of reach-related MOV activity (-20 to 20 ms around RT, ~200-300 ms after stimulus 291 onset). Thus, implicit motor learning can induce adaptation in the fastest, essentially reflexive, 292 visuomotor pathway. The amount of adaptation was considerably less than either of our imposed 293 visuomotor rotations: SLR tuning changed by 16.7º ± 3.6º for a 60º visuomotor rotation in 294 Experiment 1, and by 12.8º ± 1.9º for an overall 40º visuomotor rotation in Experiment 2. These 295 observations match well with previous indirect behavioral estimates of implicit learning 296 component of ~10º-15º regardless of the magnitude of the imposed visuomotor rotation [6, 21] . 297
Such estimates are based on a subtraction logic, wherein the implicit component is estimated as 298 the difference between the actual reach direction and the verbal reporting of the participant's 299 aiming direction. 300
The gradual visuomotor rotation used in Experiment 2 attempted to minimize the explicit 301 aiming component of motor learning. Evidence that participants learned the new visuomotor 302 mapping without using an explicit aiming strategy is found in the lack of difference in RTs 303 between the veridical and rotation blocks (Fig. 5) , and post-experiment confirmation that our 304 participants were unaware of any changes in the visuomotor mapping during the experiment 305 [29, 30] . However, a previous study has reported impaired learning rates during a similar gradual 306 visuomotor task when participants concurrently performed a cognitively demanding task [30] , 307 suggesting a distinction between explicit awareness and contribution of other forms of learning. 308
This may explain why we only observed a partial adaptation of SLR tuning (~13°) compared to a 309 full adaptation during the MOV epoch (~40°). Our paradigm was designed to test the influence 310 participants gauged their success in hitting the target. Indeed, reinforcement-based learning was 312 likely engaged in all three Experiments. Previous studies have shown that changes in 313 sensorimotor mapping can be driven purely by reinforcement learning [33, 34] , which can occur 314 without awareness [35] . However, unlike implicit motor learning, reinforcement learning does 315 not produce aftereffects [36] , and as shown in Experiment 3, does not change SLR tuning. 316 317 Distinct neural substrates for the implicit and explicit components of motor learning 318
To our knowledge, no previous animal neurophysiological or human imaging studies have 319 described a neural correlate for partial adaptation during either a gradual or an abrupt visuomotor 320 rotation task. Previous fMRI studies have shown that BOLD activity within the posterior parietal 321 cortex (PPC) faithfully encodes visual stimulus location during the visuomotor rotation task, 322 regardless of the ensuing reach direction [37, 38] . Similarly, during saccadic adaptation, neurons 323 within the lateral intraparietal cortex also encode visual stimulus location rather than saccadic 324 endpoint [39] . Conversely, both fMRI and neurophysiological studies have shown that both 325 premotor and primary motor cortices encode the final movement direction, regardless of the 326 visual stimulus location [38, [40] [41] [42] [43] . Thus, the pattern of the modulation of SLR tuning is distinct 327 from signals observed in either the PPC or motor cortices, which would presumably be relayed 328 via corticospinal projections. 329
Previous clinical studies suggest that implicit and explicit components of motor learning 330 have distinct underlying neural substrates. For example, even though patients with prefrontal 331 lesions lacked any explicit awareness of changes during an abrupt visuomotor rotation task, they 332 still partially adapted their reaching movements [10, 11] . This result suggested that while the 333 explicit aiming component is impaired, the implicit motor learning component is spared in such 334 patients. Conversely, patients with cerebellar damage show impairment when adapting to novel 335 environments [44] [45] [46] , regardless of the size or how the perturbation is imposed [47, 48] . While 336 these patients can still compensate for the sensorimotor perturbations through either 337 reinforcement learning [33, 36] or the use of an explicit aiming strategy [8], they still had 338 impaired implicit error-based learning [8, 9, 36] and displayed much smaller aftereffects after 339 motor learning [49] . 340
341
A cerebellar influence on the tectoreticulospinal pathway 342
Given that the cerebellum has been strongly implicated in implicit motor learning, we surmise 343 that the changes in SLR tuning observed in Experiments 1 and 2 are modulated via the 344 cerebellum. How then could the cerebellum be altering this visuomotor mapping? We have 345 speculated that the SLR is mediated by a tectoreticulospinal pathway [15, 18, 20] , and there is 346 substantial evidence for interaction between the cerebellum and the reticular formation. 347
Consistent with cerebellar projections to the reticular formation [50] [51] [52] and 2: the visuomotor rotation task. Participants generating reach movements to move the cursor 585 (red circle) to the visual stimulus location (black circle). To induce motor learning, the cursor 586 was systematically rotated (60° CW in this case) around the start position. e. Experiment 3: the 587 mental rotation task. During the task, the cursor always gave veridical feedback of the robotic 588 handle but participants were explicitly instructed to reach to the stimulus location 90° CCW to 589 the visual stimulus location. (Fig. 4a) . In three of the sub-blocks (VIS Block), participants performed out-and-back 734 reach movements to the peripheral stimulus, while in the other three rotation sub-blocks (ROT 735 Block), participants were instructed to reach towards the open stimulus location 90° CCW to the 736 filled in peripheral stimulus location. Unlike Experiments 1 and 2, the cursor always veridically 737 represented handle position throughout the experiment. The order of the blocks was 738 counterbalanced between participants (N = 9 per group). 739 740
Quantification and Statistical Analyses 741
Data pre-processing 742
All analyses were performed with custom-written scripts in Matlab (version R2014b, Mathworks 743 Inc., Natick, MA, USA). To achieve sample matching between the kinematics and EMG data, all 744 kinematic data was up-sampled from 600 Hz to 1000 Hz with a low-pass interpolation algorithm, 745 and then lowpass-filtered with a second-order Butterworth filter with a cutoff at 150 Hz. Reach 746 reaction times (RTs) were calculated as the time from the onset of the peripheral visual stimulus 747 (measured by the photodiode) to the initiation of the reach movement. Reach initiation was 748 identified by first finding the peak tangential movement velocity after stimulus onset, and then 749 moving backwards to the closest time at which the tangential velocity profile surpassed 8% of 750 the peak velocity. All EMG data was rectified and then either bin-integrated into 1 ms bins 751 relative to each block's mean baseline EMG activity (defined as the mean EMG activity 40 ms 753 prior to the onset of the peripheral visual stimulus). We defined the SLR epoch as 85-125 ms 754 after stimulus onset and the SLR magnitude as the mean EMG activity during the SLR epoch. 755
We also defined the reach-related movement (MOV) epoch as 20 ms before to 20 ms after reach 756 RT. All trials with RTs less than 185 ms were excluded to prevent contamination of the SLR 757 epoch by shorter latency reach-related responses [18, 20] . 758
To determine the normalized movement trajectories, we first determined the movement 759 duration for each trial individually. The movement duration was defined as the time when the 760 handle position surpassed 2 cm from the center of the start position to 50 ms after the time when 761 the handle position surpassed 8 cm from the center of the start position. We then interpolated the 762 movement duration into 101 equally spaced time-samples, and calculated the x-and y-positions 763 at each given time-sample. 764
765
SLR Detection and Latency Analysis 766
Based on previous studies detecting the presence of the SLR [15, 69] , we also used a receiver-767 operating characteristic (ROC) analysis to quantitatively detect the presence of a SLR. In all 768 experiments, we examined EMG activity for leftward and rightward reaches during veridical 769 visual feedback, and we performed the following ROC analysis. For every time-sample (1 ms bin) 770 between 100 ms before to 300 ms after visual stimulus onset, we calculated the area under the 771 ROC curve between the leftward and rightward trials. This metric indicates the probability that 772 an ideal observer could discriminate the side of the stimulus location based solely on EMG 773 activity. A ROC value of 0.5 indicates chance discrimination, whereas a value of 1 or 0 indicates 774 perfectly correct or incorrect discrimination, respectively. We set the thresholds for 775 discrimination at 0.6; these criteria exceed the 95% confidence intervals of data randomly 776 shuffled with a bootstrap procedure [70] . The earliest discrimination time was defined as the 777 time after stimulus onset at which the ROC was above 0.6 and remained above that threshold for 778 at least 5 out of the next 10 samples. Previous studies have also reported decreased SLR 779 magnitude during an anti-reach task [20], thus we lower our threshold to 0.55 for the ROT block 780 in Experiment 3. Based on the ROC analyses we defined the SLR epoch as from 85 to 125 ms 781 after visual stimulus onset and categorized any participant with a discrimination time <125 ms as 782 having a SLR (SLR+ participant). Across the three experiments we could reliably detect a SLR 783 in 29 out of 32 participants. 784
785
Tuning curve fit 786
To determine the tuning curve of EMG activity during both the SLR and MOV epochs, we 787 assumed that the relationship between EMG activity and the peripheral visual stimulus location 788 took the form of a sinusoidal function Eq. 1: 789
in which x is the angular location of the peripheral visual stimulus in degrees; EMG(x) is the 791 logarithm of the normalized EMG activity for the given stimulus location; A is the amplitude of 792 the sinusoidal fit; is the preferred direction (PD) of the sinusoidal fit; and is the offset of the 793 sinusoidal fit. We used Matlab's curve fitting toolbox, in which we constricted our parameters so 794 that < 0 and 0 ≤ < 360, and the starting point of the parameters were = 1, = 180°, and 795 
